INTRODUCTION
The general scientific consensus is that nitrogen enrichment is a threat to the ecological balance of coastal and other aquatic ecosystems (Nixon 1995 , Howarth et al. 2000 . For this reason, the control of the nitrogen content of human wastewaters should be an essential part of the policies aiming to reduce coastal eutrophication (Howarth & Marino 2006) .
Aquaculture may be an important source of nitrogen disposed to receiving water bodies because, on average, less than 30% of the nitrogen supplied to fish and shrimp ponds as food or fertilizer is recovered as biomass of the target species. Most of the remainder enters the water as ammonia through excretion or ammonification of the organic N present in uneaten food and faeces (Funge-Smith & Briggs 1998 , Jackson et al. 2003 . This is ultimately lost to the system as dissolved or particulate N, either in the pond sediments (Avnimelech & Ritvo 2003) , or through the water discharged daily to maintain water quality, thus becoming a significant source of eutrophication in coastal areas (Lorenzen 1999 , TeichertCoddington et al. 2000 , Burford et al. 2002 .
There are several wastewater treatment systems used in aquaculture that remove nitrogen and organic wastes and thus reduce their impact on the environment. However, there is an attractive alternative which exploits the activity of the microbiota present in the culture system, and consists in promoting the formation and growth of microbial flocs in the water column, or of mixed microalgae-bacteria mats (periphyton) on submerged substrates (Avnimelech 2009).
Both are appropriate solutions for problems of water quality, because bacteria and microalgae have a positive effect on water quality since the dissolved and particulate nitrogen species are incorporated into algal and microbial biomass. Both have the added advantage that this biomass increases the availability of natural food for the cultured organisms, and therefore they may improve the economic performance of the culture system (Azim et al. 2003 , Crab et al. 2007 .
In this study, we evaluated the efficiency of artificial submerged substrates as nitrogen recyclers, determining the nitrogen budget in mesocosms used as experimental shrimp culture systems, maintained during one month with zero water exchanges and with two initial stocking densities.
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MATERIAL AND METHODS
The experiment was run on the grounds of a commercial semi-intensive shrimp farm located close to the Urías estuary (Mazatlán, Sinaloa, NW Mexico), which is the source of seawater for the daily water exchanges of the shrimp farm.
One week before the experiment, 10 cm-deep layers of the natural sediment of the same shrimp pond from which we obtained the experimental organisms were added to 12 circular 1.1 m 3 tanks (bottom area: 1.1 m 2 , wall surface: 3.7 m 2 ). Tanks were filled with 1 m 3 of 300-μm filtered estuary water.
One day before stocking, 7.1 m 2 (both sides) of artificial substrates (Aquamats, Meridian Applied Technology Systems, Calverton, Maryland, USA), which had been left in an operating shrimp pond during 24 days to allow formation of the biofilm, were placed vertically into six tanks forming a circular inner wall at a distance of about 10 cm from the tank walls. This addition increased by 150% the surface available as substrate to the shrimps stocked in these tanks. The remaining six tanks served as controls.
The following day, Litopenaeus vannamei juveniles with a mean wet weight of 2.7 ± 0.2 g were stocked in triplicate tanks with or without submerged substrates, with initial stocking biomass of 545 and 727 g m -2 , respectively (calculated densities of close to 200 and 270 organisms m -3 ).
The treatment assigned to each mesocosm was determined at random, using a 2x2x3 completely randomized block experimental design (presence or absence of additional substrate with two initial stocking densities, in triplicate for each treatment).
The experiment lasted for 29 d, from May 26 th until June 23 rd , 2009. Food (Camaronina 35%, Agribrands Purina Mexico, Cuautitlán, Mexico State, Mexico) was supplied twice daily (08:00 and 18:00 h) in feeding trays, and the daily ration was adjusted according to its consumption (Clifford 1997); mild aeration was provided with one airstone to avoid thermal stratification, and there were no daily water exchanges. However, estuary water was added once weekly to replace the volume lost to evaporation (mean weekly loss: 5% of the water volume).
Temperature and oxygen concentration were measured twice daily (8:00 and 18:00) using an YSI 57 oxygen meter (YSI Incorporated, Yellow Springs, OH, USA). Salinity and pH were measured at 12:00 with an Atago S/Mill-E refractometer (Atago Co. Ltd., Tokio, Japan) and a HI 98150 Hanna portable pH meter (HANNA Instruments, Woonsocket, RI, USA), respectively. The mean values between treatments were compared with two-way block-ANOVA tests, with significant level of 0.05.
The concentrations of the dissolved nitrogen species were determined in triplicate 250 ml samples of the water used to fill the tanks, and of that used weekly to restore the water level. The samples were filtered through Whatman GF-C filters, and the concentrations of dissolved N-NO 3 -, N-NO 2 -, N-NH 4 + and dissolved organic N were determined as in Strickland & Parsons (1972) .
The organic nitrogen content of the particles retained on the filters was determined as described by Holm-Hansen (1968) . The initial and final organic nitrogen content of the sediment and of the accompanying meiofauna (determined in triplicate samples at the time of addition to the mesocosms, and of composite samples of the sediment, obtained at the end of the experiment from the center and sides of each tank), of shrimp biomass and of the periphyton present on the artificial substrates (obtained scraping with a scalpel a known area of the substrate: Burford et al. 2004) were determined with the Kjeldahl method (AOAC 2005) . This method was also used to determine the organic N of weekly samples of shrimp feed.
The mean concentrations of the dissolved and particulate nitrogen species determined in triplicate samples of the water discharged at the end of the experiment were compared with two-way ANOVA tests, after natural log transformation when the data were not normal or homoscedastic. The different means were separated with Holm-Sidak tests and in all cases the critical probability level was α = 0.05.
The nitrogen budget was calculated considering that, with the exception of some shrimps escaped from the tanks, which were collected, analyzed, and added to the final outputs, there were no nitrogen losses from the beginning to the end of the experiment, in view that the systems were maintained without water exchanges. 
RESULTS AND DISCUSSION
Throughout the experiment, the mean temperature and oxygen concentrations of each mesocosm ranged between 28.6±1.1 and 28.9±1.1 o C and from 4.0 ± 0.6 to 4.3 ± 0.6 mg l -1 for the morning readings. The respective evening values were 31.6 ± 1.4 to 31.9 ± 1.0 o C, and 4.4 ± 0.6 to 4.6 ± 0.5 mg l -1 . The mean salinity and pH values varied from 42.7 ± 2.3 to 42.9 ± 2.1 ‰ and between 7.5±0.1 and 7.6 ± 0.2. In all cases, there were no differences between replicates and treatments.
The total N concentration of the water used to fill the tanks was 2.42 mg l -1 , of which 1.61 mg (66.5%) was present as dissolved organic N, and 0.38 and 0.42 mg (15.7 and 17.4%) were total ammonia and particulate organic N.
With one exception (NH 4 + in the 800 g treatment with added substrate) the final concentrations of the dissolved inorganic species were higher than the initial values and, possibly as a result of a more active nitrification by the microbiota present on the additional substrates (Bratvold & Browdy 2001 , Erler et al. 2004 , the final ammonia levels were significantly lower, and conversely those of nitrites were higher, in the mesocosms with Aquamats than in those without Aquamats (Table 1 ).
The initial concentration of dissolved organic N was higher than the final values, indicating an effective recycling in these closed systems. This was particularly evident in the mesocosms with Aquamats and high stocking density, which had the lowest concentration of dissolved organic N although they had the highest value of particulate N ( Table 1) .
The major N input to the experimental systems was the formulated shrimp feed (mean N content 5.6%, DW), ranging from 95.4 to 117.3 g m -3 (75.9 to 78.8%). These percentages are lower than the input calculated by Jackson et al. (2003) for an intensive shrimp farm with high water exchanges, which was close to 90%, and lie at the low end of the 76-92% range observed by Thakur & Lin (2003) in a zero water exchange intensive system. In comparison to other experimental systems, this difference is explained by the fact that the initial stocking was with 2.7 g juvenile shrimp, rather than with 0.01-0.02 g postlarvae used for stocking commercial farms. Therefore, the biomass stocked was the second highest N input (21.5 and 28.7 g; 16.7 to 19.3%).
The water used for daily exchanges may be a significant N input in semi-intensive open systems (TeichertCoddington et al. 2000 , Miranda-Baeza et al. 2007 ), but its importance is far lower in intensive farms (Briggs & Funge-Smith 1994 , Funge-Smith & Briggs 1998 , Jackson et al. 2003 . In this case, the mesocosms were handled as closed systems and the contribution of the N content of seawater was between 1.9 and 2.3%. The N added to each mesocosm with the sediment and with the biofilm on the artificial substrates were 0.9 to 1.1%, and 1.9 to 2.2% of the total inputs (Table 2) . In all cases, most of the N was retained within the mesocosms, since the water discharged contained only between 1.8 and 2.3% of the total nitrogen inputs. However, close to 55% of the N added was recovered as shrimp biomass in the mesocosms with artificial substrates, with which the respective mean biomass harvested (wet weight, with a mean N content of 3.58 ± 0.13%) for the 600 and 800 g treatments were 1969.6 ± 75.9 and 2221.6 ± 44.5 g. The respective individual wet weights were 8.9 ± 1.6 and 8.5 ± 1.3 g, with percentages of survival of 96.7 ± 2.3 and 90.9 ± 2.8%).
In comparison, the mean values of biomass harvested in the control mesocosms were 1516.0 ± 101.9 and 1560.8 ± 76.3 g, the individual wet weights were 8.5±1.3 and 7.1 ± 1.6 g and the percentages of survival were 84.0 ± 7.5 and 74.5 ± 9.5%.The respective percentages of N recovered as shrimp biomass were 44.8% (low stocking) and 37.2% (high stocking) ( Table 2) .
By the end of the experiment, the organic N contents of the artificial substrates represented 16% of the total N inputs, which were not considered losses since they were still available for shrimp feeding, and their positive effect was made evident by the low N content of the sediments. These contained only between 14 and 13.6% of the total N inputs, which are less than 50% of the percentages determined in the control treatments (37.3 and 35.9% for the mesocosms started with 600 and 800 g).
In traditional cultures, the organic wastes generated by the feeding process accumulate in the pond bottom. This leads to the development of microaerobic or anaerobic conditions, slow nitrification and slow rate of organic matter recycling within the natural food web of the pond. As a consequence, toxic metabolites increase and must be removed with daily water exchanges of the pond water, resulting in a net nitrogen loss (Piedrahita 2003). This loss and the accumulation of organic wastes in the pond bottom may be avoided by additional substrates, especially those designed to adsorb particles with high efficiency such as Aquamats, since these particles are adsorbed on the vertical substrates which are suspended in the water column. In our experiment, the aeration provided to all treatments enhanced aerobic processes, especially nitrification (that is poor or absent in microaerobic or anaerobic sediments), and the lower ammonium and higher nitrite levels found in the mesocosms with added substrate, indicate that nitrification was more efficient in these treatments.
Thus, degradation of organic matter was faster in the tanks with Aquamats than in the controls, and additionally the shrimp could feed on the biofilm and organic detritus present on the substrates, allowing an effective recycling of the unused N of the shrimp feed, which accumulated in the sediments of the control treatments.
The losses of N caused by shrimp escape ranged from 4.0 to 11.4%, leaving unexplained between 5.9 and 13.4% of the inputs. Considering the NH 3 -NH 4 + equilibrium at the mean pH, temperature and salinity values determined in this experiment, between 1.7 and 2.5% of the dissolved ammonia was present in the molecular species (Khoo et al. 1977) . This might account for a part of the missing fraction, although a more important percentage was probably present as additional biofilm on the tank walls which, in closed shrimp monoculture systems, may account from 3.7% to 13.3% of the total N inputs (Qi et al. 2001 ).
The shrimp farming industry is facing several major challenges, in part related to the perceived threat to the environment represented by the quality of its effluents, and also because of the need to increase the economic performance of shrimp farms in view of the increasingly higher costs of production. One important common source of these challenges is the high protein content of the feed used in shrimp farming, which is directly related to the cost of shrimp feed, and their inefficient conversion into shrimp biomass, which affects the production costs and the quality of the effluents.
In open culture systems, close or more than 70% of the total N inputs is discharged with the effluent water or remains in the sediment, and the amount recovered as shrimp biomass may be as low as 11 to 25% (Briggs & Funge-Smith 1994 , Teichert-Coddington et al. 2000 , Jackson et al. 2003 , Miranda-Baeza et al. 2009 ). This is less than 50% of the N recovered in the harvests of our closed systems, especially in the treatments with additional substrates, in which the long residence time allowed the utilization of nitrogenous wastes by the natural biota. These served as additional food and allowed to recycle food wastes into valuable shrimp biomass.
